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INTRODUCTION 
This report describes work performed as a part of a diagnostic 
study which is expected to improve our knowledge of the production 
of rainfall, lightning discharges, and hall in convective storms 
as related to a number of time-dependent meteorological variables. 
This study differs from previous research in that it attempts to 
assess the statistical significance of certain meteorological 
parameters governing the production of precipitation in relation 
to all other significant predictors. 
Among the set of possible predictors, there must be at least 
a number of meaningful ones, and the choice of these should be 
guided by detailed analyses of different synoptic situations 
involving air trajectory and water-energy budget studies. Eval­
uation of the time-dependence and the mutual interaction of the 
meteorological variables can be achieved by careful analyses of 
1) hourly mesoscale maps of surface wind, pressure, temperature, 
and moisture fields; 2) the reported horizontal and vertical ex­
tent of clouds; and 3) the three-dimensional synoptic features of 
circulation systems controlling the weather events on a smaller 
scale. 
The data that allow such mesoscale analyses are routine tele­
type meteorological data and reports by volunteer observers in the 
Netherlands. The large number of cases that must be studied to 
obtain the desired statistical significance for the many relation­
ships involved requires, first, some means of reducing time-consuming 
manual labor at a minimum sacrifice of analytical accuracy. 
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The first year of the project has been spent on exploring 
the possibilities of rapid objective analysis of pattern features 
and trends by means of standard techniques. It was found that 
objective pattern analysis methods, such as those presented by 
Cressman (1959), Thomasell (1962), Koss (1966), and Duquet et al. 
(1966), require a prohibitively large amount of computer time 
without achieving the desired accuracy. Also, since gradients 
of one parameter are related to those of another, manual analysis 
remains a preferable way of obtaining a consistent set of patterns. 
A certain amount of subjectivity is then unavoidable, as is a con­
siderable amount of work. 
However, after various analytical explorations, a number of 
computer programs were developed which help expedite the prepara­
tion of surface and upper air maps and the computation of pattern 
characteristics as outlined in the next section. It is recognized 
that some of these programs have been developed by others in a 
more sophisticated form (Prosser and Poster, 1966; Kreitzberg and 
Brockman, 1966). Most available programs, however, are problem-
specialized or written for a particular computer system, or both, 
so that they may require reprogramming as well as considerable 
computer time. 
The programs designed in this study are tailored to an input 
of teletype data and are written in Fortran, making them easily 
adaptable for most computer systems. Also, much of the output 
is punched on cards and can be readily digested by statistical 
programs such as cross-correlation and screening regression. 
Eight computer programs for surface and upper air analyses 
and computation of rainfall pattern characteristics are described 
in this report, and a few preliminary analyses are presented. 
Where appropriate, a part of the printout of some programs is 
shown, in either raw or analyzed form. Programs for computing 
vertical velocity and pattern cross-correlation involving time 
lags are nearing completion. 
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ANALYTICAL APPROACH 
A method of circumventing excessively elaborate analysis 
while retaining essential information is to describe pattern 
development by simple numbers. This approach to the problem is 
suggested by experienced forecasters, especially those who deal 
with weather situations over Europe. The forecasters believe 
that weak synoptic-scale circulations favor mesoscale pattern 
development whereas broad strong circulations seem to suppress 
it. Simple indicators of large-scale circulation may be the zonal 
index or some planetary wave characteristics; mesoscale pattern 
development may be indicated by the increase with time of the 
areal standard deviation of variables such as the pressure ten­
dency, potential temperature, and humidity mixing ratio. Trends 
are indicated by the time-dependence of the average over the 
mesonet area. Thus, cases with pattern development can be iso­
lated for further study by inspection of the time-dependence of 
the averages and standard deviations of the variables over a 
group of mesonet stations. 
Pattern cross-correlations with zero lag in time and space 
provide useful information about the interrelation between some 
variables under different conditions. For instance, the diurnal 
variation of the cross-correlation coefficient between potential 
temperature, equivalent potential temperature, and humidity mix­
ing ratio gives information about the partitioning of incoming 
energy into sensible and latent heat. 
Thus, objective techniques can provide meaningful answers 
to simple questions such as 1) whether thunderstorm highs devel­
oped and at what time on a given day, and 2) whether mesoscale 
wind pattern formation preceded, followed, or coincided with 
differential heating. However, averages, standard deviations, 
and pattern cross-correlations of wind direction and speed or 
u and v components of the wind do not distinguish between di­
vergence and vorticity, so that manual analysis of the wind field 
remains necessary. 
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DATA USED IN STUDY 
The data used in this study, described in detail previously 
in the NSF proposal, are being provided by courtesy of the 
Meteorological Service of the Netherlands Air Force and the 
Netherlands Society for Meteorology and Astronomy. They furnish 
the following information: 
1) Counts of lightning discharges, rainfall data, 
and reports from two networks of volunteer 
observers in the Netherlands. An impression 
of the scale and density of the rainfall and 
lightning networks is given in figure 15 and 
in figure 1 of the appendix. 
2) Teletype data of hourly, half-hourly, and 
special observations from surface stations 
in the Netherlands, Belgium, and a part of 
Western Germany. This mesonet covers an area 
of approximately 60,000 square kilometers and 
consists of 69 active airfields and civil 
meteorological stations. 
3) Radiosonde and radar wind data from 11 locations 
within and on the fringes of the mesonet of 
surface stations. In addition, there are de-
tailed pibals from four airfields and some 
serial radar winds taken at 2-hour intervals 
from a naval airbase on the island of Vlieland 
at the northwestern tip of the Netherlands. 
Data made available thus far include the network data and 
the complete set of teletype meteorological information for 90 
days of convective rainfall in 1963, 98 days in 1964, and 100 
days in 1965. The material from 1966 will be sent as collected. 
The advantages of working with these data are twofold. First, 
the lightning counters scan the area of a dense network of rain-
gages which is located in a region with good coverage by synoptic 
stations and upper air stations. Second, showers and thunder-
storms in this relatively small region are observed under a wide 
variety of environmental conditions not found in other regions 
where thunderstorms are extensively studied. 
The accuracy of the counts of cloud-to-ground flashes by 
short-range lightning counters, of the type designed by Pierce, 
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has long been a subject of discussion. On request, Captain J. H. 
Boer, supervisor of observations in the southwestern part of the 
Netherlands, performed some experiments to test the reliability 
of lightning counters that operate at a range of 10 to 15 kilo­
meters. It was found that the overall error in the counts does 
not exceed 15 percent. A summary of these experiments (accepted 
for publication in Weather) is included as an appendix to this 
report since this material is not readily available. The light­
ning count data will be used in analyses performed under this 
study. 
PRELIMINARY ANALYSES 
Surface analyses, performed with the assistance of some of 
the new computer programs, have shown distinct mesoscale wind, 
temperature, and cloud patterns, which are interconnected but 
sometimes seem to defy explanation. When convection develops, 
these patterns become highly time-dependent. As this project 
continues, the pattern behaviors are to be carefully studied and 
related to upper air information in several different synoptic 
situations. These findings then will serve as guidelines for 
the final statistical treatment outlined in the proposal. 
THE COMPUTER PROGRAMS 
The eight computer programs completed thus far in this study 
are described briefly in this section. As previously indicated, 
these programs are intended primarily to eliminate manual work 
and, thereby, speed the computing and mapping of large amounts of 
surface and upper air data and the calculating of desired pattern 
characteristics. 
The first four programs utilize the same input format for 
the hourly observational data. The input consists of messages in 
the international synoptic code from which the desired variables 
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are extracted and processed. The input format for the inter­
national synop code is as follows: 
Columns 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
I I I Z Z Z b N D D P P b V 
15 16 17 18 19 20 21 22 23 24 25 26 
V w w w b P P P T T b N h 
27 28 29 30 31 32 33 34 35 36 37 38 
C1 h Cm Ch b Td T d a P P b 7 
39 40 41 42 43 44 45 46 47 48 49 50 R R T e T e b 8 Ns Cs Hs H s b 8 
51 52 53 54 55 56 57 58 59 60 6l 62 
Ng Cg Hg Hs b 8 Ng Cg Hg Hg b 9 
63 64 65 66 67 68 69 70 71 72 73 74 
S P S P S P S P b 9 S P S P S P S P N o No 
75 76 77 78 79 80 M M D D H H 
Details of the specific input for each program are summarized 
in the following descriptions. 
Time Cross-Sections of Winds, Clouds, and Weather 
The purpose of this program is to display the time-dependence 
of winds, clouds, and weather at a particular station. 
The program assembles and orders an input of hourly, half-
hourly, and special reports which have been sorted by station. 
It then plots a time cross-section which indicates discontin­
uities in the general trend of wind direction and wind speed, 
visibility and weather, cloud cover and cloud base height of low 
clouds, and cloud cover and cloud base height of medium clouds. 
Input. The input format is as follows: 
CARD 1, Title Card. 
Columns 1-80 available for comments. 
CARD 2, Observation Card. 
The data are in the international synop code format. 
To be consistent with this format the half-hourly 
and special reports from airfields must be re-coded. 
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CARD 3, Time Card. 
Columns 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 
I I I b b b b b H H m m 
I = station number 
b = blank 
H = hour 
m = minutes 
CARD 4, Observation Card. 
Same format as card 2. 
CARD 5, Time Card. 
Same format as card 3. 
Recycle in this manner through all data. The data 
decks are batched by stations. Each batch must 
be followed by two blank cards. 
Output. The x-axis is the time axis, and the time is 
plotted to the nearest eighth of an hour, i.e., to the nearest 
7.5 minutes. The reports from 0000 through 1200 GMT and from 
1200 through 2300 GMT are plotted on different graphs. The 
program prints out four diagrams s 
1) Wind direction and wind speed. The wind direction DD 
is given in tens of degrees and is plotted as coded; 
values range from 0 to 36. Wind speeds PP are plotted 
in knots; values range from 0 to 100. 
2) Visibility and weather. The visibility is plotted at 
intervals of 20 meters; values range up to 104 meters 
(scale 100). The weather WW is plotted at intervals 
of 2 units. Numbers 0-14 and 18-50 are not plotted. 
Odd numbers are rounded off upwards to the nearest 
even number. 
3) Cloud amount and base of lowest clouds (0 to 1500 meters). 
The cloud amounts are multiplied by 10 to make changes 
more marked. The amounts of successive cloud layers 
are labeled 2, 3, and 4 (1 is not used). The cloud 
bases are marked by an asterisk. 
4) Cloud amount and base of medium and high clouds (1500 
to 15,000 meters). The printout format is similar 
to diagram 3, but the cloud bases are marked by 
dollar signs. 
Figure 1 shows an analysis of diagrams 1 and 2 superimposed, . 
for one of the stations of the mesonet. The sense in which the 
wind changes during the period of scattered thunderstorms between 
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1300 and 1400 GMT will help to analyze the disturbed air flow in 
the thunderstorm region. The time of the squall-line passage 
(1905 GMT) will help to locate it with respect to the station on 
the hourly map for 1900 GMT. Figure 2 gives an example of the 
printout of diagram 3. 
Mapping of Winds and Pressure Tendencies 
This program facilitates manual analysis of streamlines, 
isotachs, and isallobaric fields. It also provides a time-
dependent distribution of winds, pressure tendencies, and kin­
etic energies, which can be analyzed statistically. 
Input. The input format is as follows: 
CARD 1, Title Card. 
Columns 1-80 available for comments. 
CARD 2, Time Card. 
Columns 1 2 3 4 5 6 7 8 75 76 77 78 79 80 
Y Y M M D D H H M M D D H H 
Y = year 
M = month 
D = day 
H = hour 
CARD 3, Observation Card. 
Any station number not on map including 999 is 
ignored. The station number is in columns 1, 
2, 3. The data are in the international synop 
code format. 
The wind program reads only the station number, the wind 
direction in tens of degrees and the wind speed in knots, the 
pressure in tenths of millibars, and the time units in columns 
75 through 80 which must correspond to card 2. 
Output. The program prints out the following maps: 
1) Wind direction DDD in whole degrees 
2) Wind speeds SSS in tenths of meters per second 
3) Kinetic energies EEE in kg m2 sec-2 per kg of air 
4) u and v components of the wind in tenths of m sec-1 
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Fig. 1 Analyzed time cross-section of visibility, weather, 
wind direction, and wind speed on 18 July 1964 for 
station 375 of the synoptic mesonet 
Fig. 2 Computer printout of the time cross-section of low 
clouds for station 375 of the synoptic mesonet on 
18 July 1964 
5) Pressure in millibars with thousands and hundreds 
omitted 
6) Pressure change over 2-hour periods in tenths 
of millibars 
The output is also punched on cards to fit a correlation 
program which determines pattern characteristics and circumvents 
manual analysis. 
Figure 3 shows a printout of the key map for the station 
locations of the mesonet of surface synoptic stations. The an­
alyses of maps 1 and 2 of the wind program are combined in fig­
ures 4 and 5 which display the streamline and isotach patterns at 
successive hours. These patterns are clearly brought out by the 
wind data, but seem to be very time-dependent in areas with strong 
convection. There is a lack of curvature of the streamlines near 
convergence areas. This is real and may be due to the inertia of 
the air which must adjust itself to a complicated and rapidly 
changing three-dimensional field of forces. The inertia of the 
air is brought out even more clearly in the combination of the 
streamline map and the pressure map (maps 1 and 5) in figure 6, 
where its motion occasionally seems to be from low to high pres­
sure. The thunderstorm high of 1024 mb in figure 6 was dissipated 
an hour later, which accounts for the isallobaric minimum in 
figure 7 (combination of maps 1 and 6). 
Display of Cloud Patterns and Weather 
A printout of amounts and heights of low, medium, and high 
clouds as well as changes in cloud type and cloud cover during the 
past hour enable the analyst to determine the response of the 
cloud pattern to changes in the air flow and in the distribution 
of temperature and moisture. 
The program converts the coded heights in the synoptic mes­
sages to meters and adds the heights of the reporting stations 
above mean sea level to the heights of the cloud base at station 
level. It also rearranges the coded cloud types so that increasing 
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Fig. 3 Computer printout of the station locations of the 
synoptic mesonet. Each three-digit number is 
centered on the station location. The first two 
digits are not printed out on numbers that start 
with zeros. 
Fig. 4 Surface streamline-isotach pattern on 18 July 1964, 
1400 GMT 
Fig. 5 Surface streamline-isotach pattern on 18 July 1964, 
1500 GMT 
Fig. 6 Surface pressure field and streamlines on 18 July 
1964, 1400 GMT 
Fig. 7 Surface pressure tendency field and streamlines on 
18 July 1964, 1500 GMT 
numbers Indicate increasing vertical development or changes from 
the nonprecipitating to the precipitating stage, or both. Strati­
fication of convective clouds is indicated by decreasing numbers. 
c1 cm ch 
Inter- Inter- Inter­
national Converted national Converted national Converted 
code code code code code code 
0 0 0 0 0 0 
1  2          1     6            1     1 
2 3 2 7 2 5 
3 5 3 2 3 3 
4 2 4 2 4 2 
5 1 5 2 5 2 
6 1 6 1 6 4 
7 1 7 4 7 4 
8 4 8 3 8 4 
9 6 9 5 9 2 
Hourly changes of cloud type are computed by subtraction of 
the converted numbers. Also the changes in cloud cover are com­
puted and printed out. The resulting patterns indicate areas where 
the clouds are growing or shrinking horizontally as well as ver­
tically. Finally, the program prints out rainfall reported at 
0600 and 1800 GMT as well as special reports of gusts, hail, and 
tornadoes. 
Input. The input format Is as follows: 
CARD 1, Title Card. 
Columns 1-80 available for comments. 
CARD 2, Time Card. 
Columns 1 2 3 4 5 6 7 8 75 76 77 78 79 80 
Y Y M M D D H H M M D D H H 
Y = year 
M = month 
D = day, 
H = hour 
CARD 3, Observation Card. 
Any station number not on map including 999 is 
ignored. The station number Is in columns 1, 
2, 3. The data are in the international synop 
code format. 
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The cloud program reads only the station number; station 
height above mean sea level; total cloud amount; present weather; 
low, medium, and high cloud types; the rainfall; amounts Ns and 
heights HsHs of given cloud types Cs; reports of wind gusts, hail 
size, or tornadoes as reported in the 9-SpSpSpSp-groups; and the 
time in columns 75-80 which must be the same as card 2. 
Output. The output consists of the following maps in which 
each printout is in the form of three digits centered on the 
station locations 
1) A map of the station locations 
2) Total cloud amount N in eighths and present weather ww 
as coded 
3) Low, medium, and high cloud types as coded 
4) Low cloud amount in eighths as coded (1 digit) and 
base in hundreds of meters (2 digits) 
5) Medium cloud amount in eighths as coded and base in 
hundreds of meters 
6) High cloud amount in eighths as coded and base in 
hundreds of meters 
7) Changes in type of low cloud 
8) Changes in type of medium cloud 
9) Changes in type of high cloud 
10) Changes in total cloud amount in eighths 
11) Rainfall maps at 0600 and 1800 GMT 
12) Gusts over 20 knots when reported 
In addition, the program gives tables of stations reporting 
hail or tornadoes with reports in plain language. 
The output is also punched on cards to fit a correlation 
program which determines pattern characteristics and circumvents 
manual analysis. 
Figures 8 and 9 show a combination of maps 7 and 10 of the 
program output at successive hours. Only the areas in which the 
changes in cloud type (C1 converted code) were larger than 3 are 
shaded. Apparently both cloud cover and appearance of the sky can 
change very rapidly in some situations, and it may be necessary 
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to inspect the output of the time cross-section program to see 
when or how quickly the clouds react to changes in the flow pat­
tern. Clearly, the cloud behavior is linked with the vertical 
velocity pattern, which can be partly inferred from surface 
convergence patterns computed from the output of the wind and 
pressure tendency program. The analysis of the time-dependence 
of the medium and high cloud patterns will require more careful 
inspection of the time cross-sections, especially when low clouds 
obscure most of the sky. Pilot reports and, where possible, 
satellite data will have to be used in addition to the printouts 
of maps 5, 6, 8, and 9 for a correct interpretation of cloud 
behavior. 
Surface Temperature Mapping 
This is a program for computing and mapping humidity mixing 
ratios, potential temperatures, pressure and temperature at the 
lifting condensation level, equivalent potential temperatures, 
and wet bulb potential temperatures. 
Basic Equations. The potential temperature θ in degrees 
Kelvin and the humidity mixing ratio R in grams per kilogram 
are computed from the standard expressions in the Smithsonian 
tables. The temperature at the lifting condensation level TC 
in degrees Kelvin is given by the empirical relationship: 
TC - 273 - 0.25T + 1.25TD 
where T and TD are the temperature and the dewpoint in degrees 
centigrade. This expression is accurate within 2 degrees for all 
levels up to 300 mb. The pressure PC in millibars at the lifting 
condensation level is computed from the adiabatic relationship: 
PC - 1000.0 (TC/θ)3.5 
The equivalent potential temperature θE is given by (Brunt, 1952): 
 -  exp [10-3 (LxR/C pxTC) ] 
19 
θ θ
Fig. 8 Changes in the horizontal and vertical extent of 
low clouds during the past hour and streamlines on 
18 July 1964, 1400 GMT 
Fig. 9 Changes in the horizontal and vertical extent of low 
clouds during the past hour and streamlines on 
18 July 1964, 1500 GMT 
where L is the latent heat of condensation at the temperature TC, 
and Cp is the specific heat of dry air under constant pressure. 
L is given by the empirical relationship: 
L = 568.5 - 0.6(TC - 323) 
The wet bulb potential temperature WPT in degrees centigrade is 
related to the equivalent potential temperature θE by the re­
gression equation: 
WPT = -0.0023 (θE)2 + 1.8016 θE - 326.3006 
The standard error in WPT is less than 0.5 C. Since in coded 
synoptic messages the temperatures measured at station level Z 
are given with the mean sea level pressure, the pressure P at 
station level needs to be calculated from the relationship: 
P(msl) - P = 0.125Z 
where P is in millibars and Z in meters. When the elevation of 
a station is over 500 meters, this expression becomes inaccurate. 
Coded mountain station data should be discarded. 
Input. The input format is as follows: 
CARD 1, Title Card. 
Columns  1  2  3  4  5 
E Q U I V 
Columns 6-80 available for comments. 
State date, time, and mesonet data to be processed. 
CARD 2, Time Card. 
Columns 1 2 3 4 5 6 7 8 75 76 77 78 79 80 
Y Y M M D D H H M M D D H H 
Y = year 
M = month 
D = day 
H = hour 
Columns 75-80 contain the time code which must appear 
on the observation cards. 
CARD 3, Block Number Card. 
Columns 1, 2, 3 must be 999. 
Columns 4 and 5 give the block number of the synoptic 
messages to be processed, 
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CARD 4, Observation Card. 
The station number is in columns 1, 2, 3; the 
height in columns 4, 5, 6. The data are in the 
international synop code format, 
The time code in columns 75-80 must be the same 
as on card 2. The last observation for a given 
block number must have 00 in columns 73 and 74, 
The computer will then look for; 
CARD 5, Block Number Card (for second country). 
Same format as card 3. 
CARD 6, Observation Card (for second country). 
Same format as card 4. Continue with card 4 and 
recycle until all data for a given hour are punched. 
The last card of each set must again have 00 in 
columns 73-74. 
CARD 7, Last Card of an Hourly Series, 
Always a blank. 
CARD 8, Title Card for Next Hour. 
Same format as card 1. Recycle cards 2-8 for each 
following hour. 
CARD 9, End of Data Card. 
Columns 12 3 4 5 
9 9 9 9 9 
This program reads only station number and height, pressure, 
temperature, dewpoint, and time code. 
Output. The computer program prints out distributions of 
θ (printed as THETA), R, PC, TC, θE (printed as THETE), and WPT. 
The station locations have been incorporated in the source deck. 
The printout incorporates all stations. Missing pressures are 
represented by 111; other missing parameters are printed out as 
999. Generally, the printout of each variable consists of three 
digits centered on the station location. 
In addition to printed maps the computer punches out card 
decks, which can be used for cross-correlation of equivalent 
potential temperature patterns with patterns of humidity mixing 
ratio and potential temperature. These cards also can be used 
as input for corss-correlations with the output of the cloud 
pattern program. 
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Figures 10 and 11 show the time-dependence of the wet bulb 
potential temperature pattern in relation to that of the stream­
line pattern. Comparisons with figures 8 and 9 show that thun­
derstorms occurred near the wet bulb potential temperature maxima 
and close to regions with a strong gradient of this temperature. 
Comparisons with figures 6 and 7 show the rapid warming and 
moistening of the air in the thunderstorm high between 1400 and 
1500 GMT. 
Cross-Correlation Program for Zero Lag 
This program provides for the cross-correlation of patterns 
of equivalent potential temperature, potential temperature, and 
humidity mixing ratio for zero lag. 
The averages and standard deviations of the equivalent 
potential temperature ΘE, the potential temperature ©, and the 
humidity mixing ratio R are computed for the number of stations 
reporting for a particular hour, and for 24 sets of hourly ob­
servations. The time change of the averages will indicate a 
general trend; the standard deviations are a measure of pattern 
development. 
Pattern cross-correlations of these variables will shed 
more light on the questions; l) Is the distribution of θE more 
dependent on that of © (differential heating) than on that of R 
(differential evaporation) for instance? 2) Is R in any way 
related to 9, that is, does air near the surface become more 
moist or drier as it is heated? 3) How do these relationships 
depend on time of day and other variables? 
The program counts the number of stations and computes linear 
correlation coefficients. 
Input. Assemble the output cards from the surface tempera­
ture program in order with respect to hour for each day. No blank 
cards are needed, except at the very end of the data deck; if the 
title card in front of the surface temperature output and the 
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Fig. 10 Wetbulb potential temperature pattern and streamlines 
on 18 July 1964, 1400 GMT 
Fig. 11 Wetbulb potential temperature pattern and streamlines 
on 18 July 1964, 1500 GMT 
spacing card at the end are not removed, the program will stop. 
More than one day may be processed by putting the card decks back 
to back. Again, a blank card is needed at the end of the entire 
job. 
Output. The output is in the form of a table which lists 
the number of stations, the averages and standard deviations 
of the three variables, and the three partial correlation co­
efficients. 
Figure 12 shows the time-dependence of the average and 
standard deviation of the potential temperature © and the hu­
midity mixing ratio R. Ships on the cold sea surface are excluded, 
but coastal stations are included. The daily variation of the 
potential temperature is self-explanatory, but the average hu­
midity mixing ratio shows a rise (only temporarily interrupted by 
dry outflow from the thunderstorm high at 1400 GMT) which, with 
the weak flow involved, suggests a combination of evaporation and 
moisture flux convergence. A squall line, which enters the region 
after 1600 GMT starts to consume this moist air and replaces it 
by a mixture of modified air coming from aloft and maritime air 
drawn in near the surface. The high standard deviation of 9 
indicates a temparature spread which increases to at least 8 K 
(twice the standard deviation) between the warmest and the cold­
est stations at the middle of the day, due to differential heating 
and advection. It rises temporarily with the arrival of the squall 
line. The increase of the standard deviation of R indicates dif­
ferential evaporation and moisture advection; it drops rapidly 
after the air has been thoroughly mixed by the squall line. 
Figure 13 shows the partial correlation coefficients between 
θE, θ, and R. The partial correlation between θE and 9 is high 
throughout, indicating that the horizontal energy differences of 
the air are mostly due to differences in sensible heat content. 
However, where the θE-θ correlation line crosses that of θE-R, 
latent heat of condensation becomes more important as a potential 
energy source. The correlation between 9 and R is mostly 
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Pig. 12 Time-dependence of average and standard deviation of 
the potential temperature 9 and the humidity mixing 
ratio R on 18 July 1964 
Fig. 13 Time-dependence of the partial correlation coefficients 
between the equivalent potential temperature θE, the potential temperature  and the humidity mixing ratio R θ
insignificant, becoming weak negative during the middle of the day. 
This suggests that the moisture pattern behavior is independent of 
that of the temperature, with a tendency for the hottest air to 
become more dry with time. General sinking motions in some reg­
ions, combined with a strong upward moisture flux by means of 
convection, may have caused this. 
It is clear that only detailed analysis of the general situ­
ation will provide a means of correctly interpreting statistical 
descriptions of pattern characteristics. A simple presentation 
of time-dependent pattern characteristics like that outlined will 
circumbent a large amount of manual analysis and still provide 
answers to simple questions regarding differential heating, mois­
ture flux convergence, thunderstorm highs, and other factors. 
Precipitation Analysis 
This program is for computation of the rainfall area-depth-
envelope curve and total deposit on the analysis area. The pro­
gram is used to establish simple characteristics of the rainfall, 
such as total volume of water deposited and how it was distrib­
uted. Since these results will be used for statistical studies, 
the program is required to analyze in a consistent semiobjective 
way and to circumvent subjective hand analyses. 
The input consists of raw rainfall data, which are received 
on post cards at the end of each month, and the location of the 
stations in terms of x-y coordinates. The output consists of a 
printout of all the rainfall figures for each day and the cor­
responding station locations. For the region which meets minimum 
station density requirements, the total volume of water in kilo-
tons (units of 103 cubic meters) and the actual analysis area in 
square kilometers are printed out. Finally, the percentage of the 
area for which the rainfall exceeded a certain threshold value 
(0, 5, 10, . . . 100 mm) is listed. 
30 
Basic Equations. The mathematical development runs par­
tially parallel to that developed by Thomasell (1962) for the 
areal-mean-error method of analysis and verification, and com­
putes a measure of the density of rainfall observations in the 
region about each rainfall observation. First, a suitable 
equally spaced grid is superimposed on the analysis region. 
The grid blocks in this particular program have an area of 70 km2, 
approximately that of a medium-sized shower or thunderstorm. Also 
on this map the locations of all reporting stations are marked. 
At each grid point, a density is computed by counting the stations 
being used in the analysis that lie within the four grid blocks 
surrounding the point. Since the density is always used in its 
reciprocal form, a lower limit needs to be imposed on density to 
prevent the reciprocal from becoming overly large or even infin­
itely large in regions of sparse data. The program therefore 
eliminates all stations for which the station density is zero and 
automatically discards grid blocks with zero stations. The grid-
point-density values are used to obtain an interpolated density at 
each of the analysis stations. The interpolation is accomplished 
by fitting the curvilinear surface 
Ps(xs, ys) = a + b xs + c ys + d xs ys 
to the four grid-density values surrounding the station. Here 
(xs, ys) is the location of the station with respect to the grid-
square in which it lies. The constants in this equation and in 
the notation shown in figure 14 are given by; 
a - p(0,0) 
b = p(l,0) - p(0,0) 
c = p(0,l) - p(0,0) 
d = p(l,l) - p(0,l) - p(l,0) + p(0,0) 
Since the reciprocal of the station density has the dimension 
of the area, the sum of the reciprocals simply represent the an­
alysis area. 
The area-depth-envelope relationship is presented in the form 
of a table of sums of 1/p for stations with rainfall larger than 
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Fig. 14 Notation for use with computation of interpolated 
density from grid-point density 
a given threshold value. The total rainfall T is given by: 
where N is the total number of reporting stations and R the rain­
fall in millimeters. In this, 1/p is given in square kilometers,  
and T is expressed in units of 103 cubic meters. 
Input. The input format is as follows s 
CARD 1, Title Card. 
Columns 2-80 available for comments. 
CARD 2, Network Characteristics. 
Columns     1     2 3    4 5 6 7 8 9 10I   11        12 
A R E A a a . a b N U M 
13  14 15  16 17 18 19 20 21 22 
B E R m m m        .      m    D   A 
23  24    25   26     27     28     29    30     31      32 
Y    S      b     L      L      C       O      L      U        M 
33  34    35   36     37     38     39    40     41      42    43    44 
N S b n x R O W S b n y 
aa.a = area of a grid block in square kilometers 
b = blank 
mmm.m = number of grid blocks in the analysis area 
LL = number of days to be processed 
nx = x-coordinate of the network right-hand boundary 
ny = y-coordinate of the network upper boundary 
The origin is on the bottom left corner. 
CARD 3, Observation Cards. 
Columns 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
I     I      I     I      b   X    X     .      x      x      Y      Y       .        y 
15 16 17 18 19 20 66 67 
y R R R . R , etc. R R 
68 69 70 
R . R 
RRR.R = rainfall in millimeters. When a station did not 
report on a given day, its rainfall is coded 
as RRR.R = -1.0. 
There is a maximum of 11 rainfall observations per card, 
one card for each station. Last card must be a blank. 
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Output. The first part of the printout contains some net­
work characteristics and the raw rainfall data. The second part 
contains computed data. The abbreviations are defined as follows % 
TOTARA = total area surveyed by the computer 
program 
N = sequence number of the station 
(not the station number) 
X(N) and Y(N) = coordinates of the station 
RHOSTA (K,N) = station density at the location of 
station. Stations not reporting on 
day K or outside the survey area have 
RHOSTA (K,N) = -10. Where RHOSTA 
(K,N) is less than .0143 the station 
density is less than 1 station per 
grid block of 70 square kilometers. 
This means that in this region some 
grid blocks contain no stations. 
These are discarded from analysis. 
SUMREC = area analyzed by the program 
Since it concludes only grid blocks 
with one or more stations, it will 
generally be less than TOTARA. 
VOL (K) = total volume of water in kilotons de­
posited on the area labeled SUMREC 
PERCNT (K, IP) = percentage of the area SUMREC which re­
ceived more than 0, 5, 10, . . . 100 mm 
of rain (percentages are printed out 
from the bottom upwards) 
Figure 15 shows a manual analysis of the tabular printout of 
the rainfall figures for a particular storm. The computer has 
analyzed the data from the stations inside the box. The lack of 
data in the northwest and southwest corners of the box indicates 
that the station density is below the threshold limit for the 
computation of p. Therefore the total area analyzed by the com­
puter is less than that of the box. Since the station density is 
variable from case to case, the total area will also be different 
for different cases. The area-depth-envelope curve resulting from 
the computations is shown on the left. 
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Fig. 15 Comparison of manual rainfall analysis with the 
area-depth-envelope curve plotted from the computer 
output of the precipitation analysis program 
Equivalent Potential Temperature and Waves 
This program is for computation of humidity mixing ratios, 
potential temperatures, pressure and temperature at the lifting 
condensation level, equivalent potential temperatures, wet bulb 
potential temperatures, and wave parameters. 
This computer program is a follow-up of the isentropic an­
alysis program developed by Duquet (1964) and deals with vertical 
motions in dry as well as in saturated air. It computes param­
eters such as the equivalent potential temperature and the wet 
bulb potential temperature which are also conservative for rising 
motions in saturated air. The wet bulb potential temperature and 
the pressure and temperature at the lifting condensation level are 
tools for investigating stability and its time changes, and can 
be related to cloud development and convective activity. The wave 
parameters are the resonance wave number at various levels in the 
troposphere and the resonance wavelength in the lower and upper 
troposphere. These indicate the likelihood of wave motions which 
may trigger or suppress convection, or which, near the tropopause, 
may affect the accuracy of the radiosonde and wind observations. 
Basic Equations. Computations for the variables (θ, θE, R, 
TC, PC, and WPT) are described under the surface temperature map­
ping program. The second part of the program serves to probe the 
air near the stratosphere for the likelihood of waves. Since in­
spection of the radiosonde data does not give direct information 
about the possibility of wave motions, it is necessary to compute 
the vertical distribution of the wave parameter F(z) which is 
given by;  
in which g is the acceleration of gravity (m sec-2), 9 the poten-
tial temperature, and u the wind speed in meters per second (Scorer, 
1949). 
An estimate of the resonance wavelength of the atmosphere 
near the tropopause is given by: 
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In which h is the height of the tropopause in meters as coded, 
k2 the wave number, and λ the wavelength (Scorer, 1951). 
Especially near mountains, rapid information about the 
likelihood of waves and their wavelengths is important for the 
evaluation of the reliability of wind maxima and tropopause 
height. 
Input. The first part of the program computes the six vari­
ables for surface stations. The pressure at station level Is 
computed from the height of the station Z and the reported mean 
sea level pressure P. The program input format is as follows: 
CARD 1, Title Card 
Columns 1 2 3 4 
S U R F 
Columns 5-80 available for comments. 
CARD 2, Time Card. 
Columns 1 2 3 4 5 6 7 8 75 76 77 78 79 80 
Y Y M M D D H H M M D D H H 
Columns 9-74 available for comments. 
CARD 3, Surface Observation Card. 
Columns 1 2 3 4 5 6 7 8 9 10 11  
Q Q S S S P P P P . P 
12 13 14 15 16 17 18 19 20 21 22 
Z  Z   Z      Z        . Z   T       T       .       T     ST 
23 24 25 26 27 73 74 75 76 77 
TD TD . TD STD N N M M D 
78 79 80 
D H H 
QQ = block number 
SSS - station number 
PPPP.P - pressure in millibars 
ZZZZ.Z = height of station above mean sea level In meters 
TT.T = temperature In degrees centigrade 
ST = sign of the temperature (0 plus, 9 minus) 
TD TD . TD = dewpoint in degrees centigrade 
STD = sign of the dewpoint (0 plus, 9 minus) 
NN = sequence number of the station 
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Columns 73 and 74 on the last card must be 00. 
Columns 75-80 contain the same information as on 
Card 2. 
The rest of the program processes upper air data. The input 
format is the same as that of the MICRO and TTYPE versions of 
Duquet's (1964) isentropic analysis program. It is recommended 
that the upper air data be run first on the isentropic analysis 
program, which filters out any errors. Data that have been 
processed successfully by the isentropic analysis program will 
give correct results on this program. Make sure that the number 
of data for wind and temperature are the same. To reduce the 
coding workload, save the temperature data cards from the isen­
tropic program and punch the wind data from the printout of PART I 
of the isentropic analysis program. Then combine the two sets for 
each station and add card indicating the tropopause height in 
meters: Columns 1 2 3 4 5 
T R 0 P 0 
Every new set of upper air data must be preceded by a time 
card and a station card according to the isentropic analysis in­
put format. Every time the format type is changed, a blank card 
should precede the title card of the new format. 
Output. The output consists of a table of pressure P, 
heights Z, temperature TEM, humidity mixing ratios R, dewpoints 
TD, potential temperatures THETA, equivalent potential tempera­
tures THETE, temperature TC and pressure PC of the lifting con­
densation level, and the amount of lift AL necessary to cause the 
water vapor in an air parcel to condense. 
This table is followed by a table of heights and F(z) values, 
and the estimates of the resonance wavelengths in the upper and 
lower troposphere. 
The program will mainly be used in detailed case studies, 
where trajectory analysis of rising moist air is required. Al­
though the computations were used mostly in unstable atmospheres, 
it was found that a wavelength could be computed for almost all 
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cases. This means that k2 > 0 or F(z) > π2/h2. The reason P(z) 
remained fairly large in unstable atmospheres was that the wind-
speed in the cases studied remained low at most levels. In these 
cases it would have been appropriate to retain the term 
(l/u) (∂2u/∂z2) which was omitted from the complete equation: 
Since ∂2u/∂z2 is difficult to evaluate from teletype data, a 
correct interpretation of the computer wavelengths in unstable 
atmospheres with weak flow will have to await further study of 
very accurate temperature and wind profile measurements. How­
ever, oscillatory motions have occasionally been reported in the 
vicinity of thunderstorms (Pothecary, 1954). 
Thermal Wind 
This is a program for computing windshear vectors, thermal 
advection, and direction and spacing of isotherms on constant 
pressure surfaces. An indication of the direction and spacing 
of the isotherms over the radiosonde stations is essential for 
a correct analysis of temperature fields on constant pressure 
surfaces. Except in regions with rapid accelerations of the air 
motion, these data can be easily and correctly evaluated from the 
thermal wind relationship for a constant pressure surface. 
Basic Equations. For purely geostrophic flow, the thermal 
wind equations are: 
and  
where T is the absolute temperature, f the coriolis parameter, 
g the acceleration of gravity, u and v the wind components in 
the x and y direction, and z the height. 
Since the temperature soundings are made at 12-hour intervals, 
it is often necessary to interpolate or extrapolate the displace­
ment and trend of the temperature pattern for intermediate hours, 
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for instance, when changes in the stability of a layer have to 
be known or when aircraft measurements have to be supported by 
additional data. Since wind measurements are made at 6-hour 
intervals, characteristics of the temperature field can now be 
derived every 6 hours for areas where only wind data exist. The 
temperature change ∂T/∂t at the rawin stations during the past 
6 hours can be estimated by extrapolating thermal advection for­
wards from the previous map and backwards from the present map, 
using the following relationship: 
where t is time, H the horizontal velocity vector, a the direc­
tion of the wind in degrees from the north, and T(av) the average 
temperature of the layer over which the wind varies with height. 
These extrapolations are necessary since the temperature often 
varies nonlinearly with time over a given station during a 12-hour 
period. 
Most mesoscale work will deal with circulation systems that 
involve strong curvatures of the streamlines as well as changes 
in curvature with height. 
The expression for the relationship between actual wlndshear  
thermal wind and curvature KH = 1/R is given 
by Porsythe (1945): 
A vector diagram is given in figure 16. The vectors f (∂ /∂z) 
and are in the direction of the wlndshear, and the 
vector is in the direction of the wind in the 
middle of the shearing layer. The vector f makes an 
angle a with the wlndshear vector This angle is deter­
mined by: 
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Pig. 16 Vector diagram for the computation of geostrophic 
thermal winds 
where Φ is the direction from which the shear comes minus the 
direction e from which the wind blows, or The direc­
tion ψ from which the thermal wind blows is the shear direction 
7 minus a, or ψ - y - a. Finally, 
Input. The input data for the program are the upper wind 
observations specified in the input format, which can be either 
teletype, microfilm, or Northern Hemisphere Upper Air Bulletin 
sources. The temperatures in degrees Kelvin at different levels 
are computed from the ICAN standard atmosphere relationship be-
"tween height above mean sea level and temperature. Even when 
the ICAN temperature departs as much as 10 C from the actual 
temperature at a given level the resulting error in the thermal 
advection is less than 4 percent, which is still small with re­
spect to errors in ∂a/∂z. This procedure saves considerable 
computer storage and coding time. 
A subroutine for correction of shear velocity for the curv­
ature of streamlines is called when the density of the upper wind 
network permits accurate streamline analysis or when radiosonde 
data as well as wind data are available. Before processing the 
wind data, manual contour analyses have to be made of various 
pressure level maps to determine the curvature of the streamlines 
and its variation with height. The radius of curvature is listed 
for each station and fed into the computer following the wind 
data. 
The input format is as follows % 
CARD 1, Title Card. 
Columns  1  2  3 4  5 
T T T T T 
T - type of data to follow (a code of 5 alphabetic 
punches which may be TTYPE for teletype data 
source, N.HEM for Northern Hemisphere Upper 
Air Bulletin source, or MICRO for microfilm of 
Stations Record Source) 
Other columns available for any comments desired. 
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CARD 2, Time Card. 
Columns 1  2 3 4 5 6 7 74 75 76 77 
Y Y     M     M    D    D    H       I          I       I         I 
y = year 
M = month 
D = day 
H = hour 
I = identification for this date/time 
Columns 8-73 and 78-80 are available for comments. 
CARD 3, Station Card. 
Columns 1 2 3 4 5 6 7 8 9 10 26 27 28 
b  N N N E  E  E E E  E       S S S 
35 36 37 38 39 40 41 42 43 44 45 
La La . La La b b Lo Lo Lo . 
46 47 48 49 50 
Lo Lo b b k 
b = blank 
N = station number 
E = station elevation above sea level in meters 
S = sequence number of this station in this run 
which may be any number except 0 which is used 
only for last station of the same date/time 
collection. Columns 11-25 may contain station name 
if desired. 
LaLa.LaLa = latitude of station in degrees and decimals. 
L0L0L0.L0L0 = longitude of station in degrees and decimals. 
Column 50 shows 1 if correction subroutine is to be 
used. 
Columns 51-80 available for any comments desired. 
CARD 4, Observation Card. 
Columns 1-72 contain data in format of the selected 
source, shown below. 
Column 73 contains the card number. Last card only 
must have a 0 or blank in this column. 
Columns 74-77 give same identification as on 
card 2. 
Columns 78-80 give the station number as on 
card 3. 
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CARD 5, Curvature Data Cards. 
The radius of curvature of the contours, which will 
be used in the subroutine for corrections, can be 
given for the pressure levels of 850, 800, 700, 600, 
500, 400, 300, 250, 200, and 150 mb. It must be 
measured on streamline analyses for these levels 
and is expressed in meters. A list of curvature 
radii (105 meters) follows the wind data of the 
stations for which this correction is necessary. 
These stations have 1 in column 50 of card 3. The 
curvature data format is: 
Columns 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
R R R .  R E 5 R  R R   .   R E   5 etc. 
Columns 74-77 give the same identification as on 
card 2, and 78-80 give the station number from card 3. 
Data must be in order. R = 0 terminates the sub­
routine; it should never be used for missing levels. 
If R is missing, extrapolation of R to lower levels 
or interpolation between levels should then be at­
tempted. 
Formats for the three data sources are as follows s 
TTYPE data — ZZ DD VVV 
Repeat as often as necessary; maximum of 10 
groups per card. 
Z = height of wind observation in thousands 
of feet 
D = direction of wind in tens of degrees 
V = speed of wind in knots 
Last card for each station has 0 in column 73. 
Data groups may be placed in any order on the 
cards. 
N.HEM data — DDD W 
Repeat as often as necessary; maximum of 14 
groups per card. 
D = direction of wind to nearest degree 
V = wind speed in meters per second 
Data groups must be in order. Blank groups for 
levels below ground must be omitted. Blank 
groups for missing data must be inserted if 
wind data above the missing levels are to be 
included. Last card for each station has 0 
in column 73. 
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MICRO data -- ZZZZ DDD VVV 
Repeat as often as necessary; maximum of 7 
groups per card, 
Z = height of observation In tens of meters 
D = wind direction in degrees 
V = wind speed in tenths of meters per second 
(Wind speeds over 99 m/sec coded as minus 
sign followed by excess of wind speed 
over 100 m/sec) 
Last card for each station has 0 in column 73. 
Data groups may be placed in any order on the 
cards. 
Repeat cards 3 and 4 for further data of same date/time. 
Repeat cards 2, 3, and 4 for another date/time collection,, 
Last card of series is a blank. 
Output. The output data for the geostrophic part of the 
program are: 
ZZ = reported heights above mean sea level, 
either in thousands of feet or meters, 
according to the input format used 
Y = reported direction of the wind in tens 
of degrees or whole degrees 
X = reported wind speeds either in knots or 
tenths of meters per second 
Z = standardized heights above mean sea level 
In meters 
C = standardized wind speeds in meters per 
second 
D = standardized wind direction in degrees 
U, V = wind components in the x and y direction 
In meters per second 
DU, DV = windshear components in meters per second 
DUDZ, DVDZ = windshear components in sec-1 
SHEARV = shear velocity in meters per second 
SHEARD = shear (thermal wind) direction in degrees 
DXDT, DYDT = distance between the isotherms measured 
in the x and y direction in meters 
TAVD = temperature change in degrees centigrade 
over a 6-hour period 
FOG = value of f/g 
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TEMP = ICAN atmosphere temperature in degrees 
Kelvin 
The curvature subroutine provides the following outputs 
ZY = height of the standard pressure or stan­
dard wind levels in meters 
ALPHA = angle between the geostrophic thermal wind 
vector corrected for curvature and the 
uncorrected thermal wind vector computed 
from the observed winds 
THERD, THERV = direction and speed of the geostrophic 
thermal wind 
COR = correction for the distance between the 
isotherms 
DXCOR, DYCOR = corrected distance between the isotherms 
measured in the x and y direction in 
meters 
TADX, TADY, TADCOR = corrected components of the temperature 
change in degrees centigrade over a 
6-hour period 
TEMP = ICAN atmosphere temperature in degrees 
Kelvin 
R = radius of curvature in meters 
Thermal gradients above the radiosonde stations were computed 
by this program for a number of synoptic situations over the United 
States. These gradients were poorly correlated with thickness 
patterns because of the sparsity of the radiosonde data. Stations 
in areas where strong temperature gradients existed close to weak 
gradients, or stations near thermal ridges and troughs, compared 
particularly unfavorably with the smoother and somewhat ambiguous 
thickness pattern analyses. 
This shows that in synoptic scale studies the thermal wind 
program will offer few advantages over conventional manual analysis 
methods. On the mesoscale, where sharp gradients are brought out 
more clearly by the temperature data, the computed thermal gradients 
are more consistent, so that cautious analysis of thermal patterns 
and thermal advection in cases without temperature and pressure 
data will provide useful results. However, since the preceding 
manual streamline analysis and the measurement of curvatures for 
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several levels at a large number of stations are time consuming, 
the program will be used only in detailed case studies with curved 
flow or when the flow is relatively straight. 
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APPENDIX 
A VERIFICATION OP THE ACCURACY OP SHORT-RANGE LIGHTNING COUNTERS 
By Captain J. H, Boer 
Meteorological Office, Airbase Woensdrecht, Netherlands 
In the last few years the behavior of individual thunder­
storms over the southwestern part of the Netherlands has been 
studied in connection with the prevailing winds and the distri­
bution of land and water. A dense network of raingages and 
volunteer thunderstorm observers provided sufficient data for 
very detailed analyses. In addition 15 lightning counters were 
installed, and their ranges were set at 8 to 15 kilometers. 
The locations of the counters with respect to the network are 
shown in Figure 1. 
Although the overlapping ranges of the counters were sup­
posed to ensure that no cloud-to-ground flashes were missed, 
the interpretation of the counts in terms of number of flashes 
per unit area or per storm presented considerable difficulties. 
Since the ranges of the lightning counters are defined some­
what vaguely on the basis of an average field intensity change 
associated with the change in electric moment during a return 
stroke and since the charges transferred to earth are known to 
vary appreciably from stroke to stroke, the possibility of ser­
ious errors in the counts had to be considered. A literature 
survey and communication with various experts in the field sug­
gested that the accuracy of the counters should be tested directly 
rather than theoretically. 
The lightning counters 
A modified version of the Pierce lightning counter (Muller-
Hillebrand, 1959) has been in use at the network on a continuous 
basis since 1960. It was soon found that this device was sensi­
tive to close in-cloud lightning so that the input sensitivity 
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Fig. 1 Position of lightning counters with respect to the 
rainfall network in the southwestern Netherlands 
had to be reduced by increasing the threshold voltage of the XC 23 
tube (Fig. 2) to 30 volts. Also, a single wire aerial, 7 m long, 
had to be designed to meet the requirements for satisfactory per­
formance (Pig. 3). After it was installed, care was taken to 
prevent corona-discharge during rain and to avoid distortion of 
the field by placing it far from obstructions. In the network 
area the country is rather treeless and telephone cables and most 
power lines are underground. Since the water table is only a 
few feet below the surface, a good conductivity can generally be 
assumed. Further information about the design of aerials for 
this type of counter are given by Israel (1961) and Muller-
Hillebrand (1961). 
Observational technique 
At the meteorological office of Woensdrecht (Fig. l) four 
lightning counters with different ranges are installed. Each is 
connected to a recorder that gives a synchronous display of the 
four countings. In this particular study only the recordings 
from the counters with ranges of 40, 15, and 10 km were compared 
with visual and acoustical observations of lightning. Because 
the time constant of the Pierce counter is 0.5 sec, storms with 
a flashing rate of more than 2 per second could not be studied. 
Such storms are, however, rare in the Netherlands. 
The positions of a number of volunteer thunderstorm obser­
vers with respect to the set of lightning counters are indicated 
in Fig. 4. The observers were instructed to determine as well as 
possible the direction of both lightning and thunder. The bear­
ing was given for the part of the lightning that intersected the 
horizon at right angles, and the time of the loudest part of the 
thunder was noted. Experience and simple geometrical considera­
tions indicate that the sound from the vertical part of the cloud-
to-ground discharge seems to converge towards the observer giving 
the loudest part of the thunderclap. Also, the duration of the 
thunder was noted to indicate whether extensive horizontal parts 
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Pig. 2 Circuit diagram of the modified Pierce type 
lightning counter 
Pig. 3 Aerial set-up of the lightning counter 
Fig. 4 Positions of volunteer thunderstorm observers with 
respect to the experimental lightning counters at 
the airbase of Woensdrecht 
of the discharge might be hidden inside the cloud,, Since the 
careful recording of these facts permitted one observer to 
handle no more than 2 or 3 flashes per minute, the results of 
this study are valid only for weak or moderate storms. The 
storms dealt with in this article were observed by at least 
three volunteer observers so that the points where lightning 
hit the surface could be determined with reasonable accuracy. 
Verification experiments 
From an isolated storm on 28 May, 1965 all observed flashes 
were plotted, as shown in Pig. 5(a) and (b). The storm, which 
was active between 1400 and 1500 GMT, passed to the south of the 
counters and moved from east to west. There were no other storms 
within 200 km of the site. Apart from the visible cloud-to-
ground discharges, numerous invisible or horizontal discharges 
were heard, and on the 40-km range counter, signals from 349 
flashes were recorded. 
In Fig. 5(a) the plots from the visual observations are 
compared with counts from the 15-km ranges Fig. 5(b) shows the 
comparison with counts from the 10-km range. 
The results of 10 comparisons of visual observations with 
lightning counts are summarized in Table 1. This table suggests 
that for most storms the counts at ranges below 15 km are accur­
ate within 15 percent. 
Conclusions 
The apparently high degree of accuracy of the short-range 
counters suggests that the parts of the field changes that trigger 
the counters have more or less equal intensity. This would indi­
cate that the first return strokes of different multiple flashes 
transport approximately equal amounts of charge to earth. 
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TABLE 1 Date (1965) 
  28 Mar 8 Jul 9 Jul 14 Jul 21 Jul 23 Jul 16 Aug 22 Aug 23 Aug 25 Aug Total 
V H V H V H V H V H V H V H V H V H V H V H 
Observed flashes : 115 63 35 12 12 3 5 3 25 12 22 10 46 12 8 3 102 28 58 12 428 158 
Number inside 
15km range 102 26 2 3 2 2 12 6 4 38 5 3 82 26 301 
Counted by 
15km counter 93 3 23 0 2 0 2 0 10 0 4 1 34 2 5 0 73 1 22 0 268 7 
Not counted by 
15km counter 9 60 3 12 0 3 0 3 2 12 2 9 4 10 0 3 9 27 4 12 28 151 
Counted outside 
15km range 4 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 .3 0 1 0 10 0 
Total counts by 
15km counter 97 3 24 0 2 0 2 0 10 0 4 1 35 2 5 0 76 1 23 0 278 7 
Percentage of flashes 
counted inside 15km 89% 
Number inside 
10km range 66 18 1 2 1 0 0 0 1 2 15 1 35 2 1 140 
Counted by 
10km counter 63 0 17 0 1 0 1 0 0 0 1 0 12 1 1 0 32 0 2 0 130 1 
Not counted by 
10km counter 3 63 1 12 0 2 0 0 0 0 0 2 3 11 0 3 3 0 0 1 10 94 
Counted outside 
10km range 3 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 5 0 
Total counts by 
10km counter 66 0 17 0 1 0 1 0 0 0 1 0 13 1 1 0 33 0 2 0 135 1 
Percentage of flashes 
counted inside 10km 93% 
V = vertical 
H = horizontal or unknown 
Fig. 5a Location of cloud-to-ground flashes with respect 
to the 15-km range counter 
Pig. 5b Location of cloud-to-ground flashes with respect 
to the 10-km range counter 
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